Abrasive Waterjet Machining is a non-conventional material removal process, preferred to be used for the cutting of difficult-to-cut materials, due to its ability to remove material without the use of a tool and without causing heat affected zones. Experimentally, monitoring the phenomena taking place in the cutting area is very difficult, due to various reasons such as the high speed of the particles and the obstruction due to the water stream. Thus, a simulation approach, based on experimental data, is required in order to be able to explain these phenomena. In this work, a 3D thermo-mechanical Finite Element model is presented with realistic representation of the positioning of discrete abrasive particles and the dependence of cutting zone dimensions on the mesh size is investigated. After simulation, results are compared to experimental results, mesh independence study is conducted and finally, conclusions on the optimum mesh size are drawn and observed process characteristics are discussed.
Introduction
Non-conventional machining processes can be beneficial for the processing of hard-to-cut materials, such as hardened steel, titanium and nickel-based alloys or composites, because they do not involve the use of tools and can be applied to a wide range of materials [1] . More specifically, one of the most commonly used non-conventional processes is the Abrasive Waterjet Machining (AWJM), which involves material removal through high-speed impact of a waterjet containing abrasive particles. AWJM is a cold machining process, able to create even complex curves on hard workpieces, something that is frequently required in the aerospace and automotive industry [1, 2] .
AWJM is based on the principle of conversion of the energy of a highpressure water column to kinetic energy of a high-speed waterjet. As the waterjet cannot penetrate the surface of hard materials, the abrasive particles are added to the jet to improve its cutting capability. The abrasive particles flow towards the mixing chamber, where they are mixed and homogenized with the incoming high-speed water jet. Then, accelerated by the high-speed jet, a number of abrasive particles impact the workpiece surface and remove material, mainly by erosion. AWJM is an environment-friendly process, as no hazardous substances, coolant or lubricants are employed. Furthermore, due to the relatively low cutting forces during AWJM, there is no need for special clamping of the workpiece on the machine table.
The types of materials machined by AWJM include metals, ceramics, alloys, polymers, composites, even textile and soft materials as plastic foams [1, 3] . Important parameters for AWJM are the pressure and flow rate of the water jet, the traverse speed, the characteristics of the nozzle, the stand-off distance, the type and size of abrasive particles and the workpiece material [1, 4, 5] .
Although AWJM has been established for several decades, the understanding of material removal mechanisms and phenomena occurring during the process, are far from being complete. As it is not possible to conduct direct observations during the progress of AWJM, theoretical studies using appropriate numerical models are necessary, in order to be able to explain the occurring phenomena and improve its efficiency. Apart from theoretical approaches based on particle impact, such as the work of Finnie [6], or Zeng and Kim [7] , numerical models using Finite Element Method (FEM) or meshless methods have also been presented. One of the earliest FEM approaches for modeling AWJM was conducted by Hassan and Kosmol [8], who created a single particle impact model for AWJM of a steel workpiece and investigated the dependence of depth of cut on pressure as well as its time evolution. Gudimetla and Yarlaggada [9] investigated the case of AWJM of a polycrystalline alumina workpiece with a single particle model. Using this model, they were able to predict erosion rate values close to the theoretical ones and observe the phenomena occurring during brittle erosion. Kumar and Shukla [10] presented a 3D FEM model for AWJM, including multiple steel particles in order to study the erosion process of Ti-6Al-4V for various impact angles and velocities. With this model they found that the variation of crater geometry with different particle velocities and angles was considerable for up to 17 impacts and then the variation was reduced or stabilized. Apart from simple FEM approaches, Wenjun et al. [11] and Shahverdi et al. [12] developed Arbitrary Lagrangian-Eulerian (ALE) models, in which the abrasive waterjet was explicitly modeled using an Εulerian mesh, while the workpiece was modeled using a Lagrangian formulation. Finally, Smoothed Particle Hydrodynamics (SPH) method has also been employed in the relevant literature, in order to model the abrasive particles flow [13] or even simulate their trajectory from the mixing chamber up to the workpiece surface [14] .
In this paper, the dependence of AWJM simulation results on mesh size is investigated using a different modeling approach for AWJM, focusing on a more realistic abrasive particle positioning. The particles are modeled as discrete deformable bodies impacting the workpiece with a specific velocity depending on waterjet pressure. The simulation results are firstly compared to literature ones and then, mesh sensitivity analysis is carried out. Apart from mesh sensitivity study results, other significant results, such as the effect of process parameters on cutting zone dimensions, stress and temperature distribution are discussed as well.
Methodology
For the modeling of the AWJM, a 3D explicit FEM thermo-mechanical model was created in Abaqus. In order to investigate the effect of the mesh size on the results, three different meshes were used for three different experimental AWJM cases, described in [15] , for a total of 9 simulation cases. The abrasive particles and workpiece were modeled using the Lagrangian formulation. Each abrasive particle consisted of a single rectangular C3D8RT mesh element and had diagonal dimension of 0.2 mm (Grit 80), while the rectangular shaped workpiece consisted of varying-size C3D8RT mesh elements, depending on the simulation case. The water is omitted in the present work, as it does not have the energy to cut the material on its own [16] ; however, the effect of particle acceleration due to the waterjet was taken into account by a velocity boundary condition. The workpiece dimensions were 6 mm height, 4 mm length and 6 mm width, in the y, x and z axes respectively, as can be also seen in Fig.1 . The characteristics of the three different meshes used in this work, such as element size and number of elements are presented in Table 1 . In order to position the abrasive particles in space, some calculations were carried out at first. Since the abrasive mass flow was constant at 2.56 g/s, the number of particles existing within the solution time was calculated. This was done by dividing the mass flow by the particle weight, multiplying that result with the final solution time of 1 ms. After that, the distance between the particles was calculated, assuming that when a particle left the nozzle with a constant initial speed, the next one leaving the nozzle would have a fixed distance from the first one, based on the particle speed. Knowing the vertical distance between the particles and their total number, a Gaussian distribution was used for horizontal positioning of the particles, keeping them within the theoretical nozzle diameter of 0.3mm. The jet impact angle was 90 o and the initiation point was in the middle of the top left edge, with a standoff distance of 3mm. An initial vertical velocity was given to each particle per pressure case, and the same jet traverse speed was applied in all simulations. These were adopted from literature [15] and presented in Table 2 . The selected material model for the workpiece material (AISI 1018 steel) was Johnson-Cook model [17] , with the values related to plasticity and damage adopted from literature [18] .
Figure 1 -AWJM model assembly
The abrasive particle mechanical and thermo-physical properties were adopted from literature as well [19] . Abrasive material was garnet, with a density value of 4,325 kg/m 3 and tensile failure stress was 150 MPa. A deletion criterion was adopted for the particles, to reduce computation time due to particle movement after collision with the workpiece; thus, when each particle reached the critical stress value of 150 MPa, it was deleted from the simulation. Furthermore, coefficient of friction between the particles and the workpiece was considered to be 0.1. Due to high strain rates, adiabatic heating of the workpiece is considered, with a coefficient of 90%, converting that percentage of plastic work done to heat [19] , while initial model temperature was set to 20 o C. Finally, the workpiece was constrained at the bottom and right face, as shown in Fig. 1 . 
Results and Discussion
At first, simulation results were compared to experimental ones from the aforementioned literature reference [15] . In the present case, the simulation time of 1 ms was sufficient for the erosion process to start. By comparing the present simulation results to the experimental ones, the calculated forces never exceeded 1N, in accordance with the experimental results for the earliest stages of AWJM; thus, it can be assumed that the presented model is accurate enough.
Then, the investigation, regarding the dependence of simulation results on the mesh size took place. Results on predicted cutting zone dimensions for all cases are depicted in Fig. 2 . It can be clearly observed that there exists a variation in the results, in respect to each type of mesh. The clearest difference is observed for the depth of cut in every case; in fact, a decrease of element size results in a visible increase of predicted depth of cut with the differences being more significant in the cases with particle speed of 400 and 620 m/s. The importance of using a sufficiently fine mesh for the simulation can be further stressed by observing that the use of a coarse mesh for the case with particle speed of 620 m/s produced the same result with the simulation regarding the case with particle speed of 400 m/s and a fine mesh, something that is not reasonable. As for traverse length and width of the cutting zone, there is not a definite trend in their variation with element size, except for some cases in which width was shown to decrease for finer meshes, so a clear conclusion cannot be deduced for them.
As the presented model is thermo-mechanical, it is considered important to observe the dependence of predicted temperature values on the mesh density. Maximum temperature observed in every simulation case is presented in Fig. 3 . Starting from a maximum of 40 o C for the lowest speed and rising to a maximum of 65 o C for the highest speed, these results are in compliance with other experimental results of the same material [20] . Temperature is shown to increase as the mesh gets finer and as the abrasive particles' speed increases. Although temperature variation is relatively small in AWJM, its variation with mesh density is another indication that mesh density plays an important role for AWJM simulations. After the effect of mesh density on AWJM simulation results was determined, the results of the developed models can be further analyzed. Regarding depth of cut, a clearly increasing trend with increasing waterjet pressure was noted, as can be seen in Fig. 2 , as expected from the experimental works [15] . Moreover, regarding workpiece temperature field, it is observed from relevant snapshots, such as the one in Fig.4 , that temperature is considerably larger in the zone where erosion takes place and that there is minimal temperature change around the cutting zone. Figure 4 -Temperature distribution for finest mesh case at particle speed of 620 m/s Furthermore, in Fig. 5 the von Mises stress distribution for the end of the simulation, for the finest mesh, at 810 m/s particle speed is presented. Highest stress concentration is visible near the cutting zone, confirming theoretical expectations [20] . Another interesting observation is the material removal mechanism near the impact zone on the top face, where brittle erosion took place, since that area had no particle impact during the simulation.
Figure 5 -Von Mises stress distribution for finest mesh case at 810 m/s particle speed Finally, in Fig. 6 the time evolution of the cutting process for the fine mesh case at particle speed of 810 m/s is presented. The view is cut along the width axis, so as the evolution of the erosion to be more easily understood. It is visible that the material is mainly removed in a vertical direction, with a few points of impact and deleted elements being occasionally in a distance from the main cutting zone during the evolution of the process. 
Conclusions
In the present paper, an investigation regarding the dependence of AWJM results on mesh element size was carried out. A 3D thermo-mechanical FEM model was developed with realistic positioning of abrasive particles, which were regarded as distinct deformable bodies. Simulations were carried out for three different waterjet pressure values with three different meshes and afterwards, the following conclusions were drawn:
 From the simulation results, it was deduced that there is a clear impact of mesh element size on predicted cutting zone dimensions.
 Regarding depth of cut, the difference between meshes of different density were more obvious for the cases with particle speed of 400 and 620 m/s and in every case, the depth of cut was higher for finer meshes.
 Regarding traverse length and width of cut, minimal variations were observed with different mesh element sizes.
 Furthermore, mesh size had a direct impact on workpiece maximum temperature, with predicted temperature being higher for finer meshes.
 Finally, the proposed model was able to predict experimentally observed trends of AWJM and thus it can be considered reliable for future studies.
